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ABSTRACT 
This thesis describes the effects of several methods 
of introducing wire fibres into a concrete mix upon the 
uniformity of wire fibre reinforced concrete. Various 
mechanical and manual methods of introducing the fibres 
were used and comparisons of the methods were based upon 
variability in splitting tensile strength and the quanti-
tative distribution of the fibres as determined by visual 
inspection of sawed cylinders. 
ii. 
Test results show that the tensile strength of coJ1crete 
is increased appreciably by the inclusion of steel wire 
fibres in the mix and the uniformity of strength is similar 
to that of unreinforced concrete. The methods of introduc-
ing the wire fibre proved to have little effect upon the 
uniformity of the reinforced concrete. 
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I - lNTi~ODUCTIUl~ 
A - Statement of Problem 
In recent years fibre reinforcing oi' concrete !las 
become a subject of considerable interest in the fielu of 
concrete technology. It has been shown by previous ir.ves-
tigators that the tensile strength of concrete car1 Le 
increased to approximately 1.~ to 2.~ times that of unrein-
forced concrete by the inclusion of randomly oriented, 
uniformly distributed steel wire fibres in the concrete 
( l) . Investigations by the U.S. Corps of' Engir1eer:.:> nave 
shown that fibre reinforced concrete also has high etiert;Y-
absorption characteristics and resists spalling under 
explosive loadings (2). 
In the use of steel wire fibres as a reinforcing 
agent there is a tendency for these fibres to knit into 
balls during the mixing phase producing a nonuniform dis-
tribution and a potential source of excessive variation in 
strength. The extent of this tendency depends, in part, 
upon the length-diameter ratio uf the fibre and the meLhod 
of mixing the reinforced concrete. Previous investigators 
have used several methods of introducing the wire fibres 
into the mix in an effort to insure uniform dispersion of 
the fibres throughout the mix. 
B - Object of the Study 
This study was undertaken to determine the effect upon 
the uniformity of the resulting strengths and wire 
dispersion produced by various methods of introducing wire 
fibres into the mix. This was done in order to indicate a 
commercially feasible method of introducing the fibres into 
the mix such that a uniform dispersion would result. 
C - Scope of the Study 
2 . 
This study was performed using a single concrete mix 
design and two steel wire fibre contents. All samples were 
made with wire fibres of the same length and diameter and 
were cured for similar periods and under similar conditions. 
Evaluation of the results was based upon ultimate splitting 
tensile strengths and visual inspection of sawed samples. 
II - LITERATURE HEVIEW 
A - Tension Failure Mecnanism and Reinforcing 
Inherent in the structure of concrete are minute voids, 
or flaws. When subjected to tensile stresses, concrete is 
quite flaw sensitive because stress concentrations develop-
ed on the peripheries tend to extend the flaws to a free 
surface or to a union with those adjacent (3). Continued 
extension of these flaws will ultimately produce tensile 
failure of the concrete. 
Traditionally concrete has been reinforced by the 
placement of steel bars at strategic locations in a con-
crete structure to resist tensile stresse;J in the struc-
ture. This method of reinforcing is an example of using 
two materials to accomplish a purpose while not improving 
the properties of either (4). The successful performar.ce 
of this reinforced concrete depends upon the performance 
of each separate material. This method of reinforcing 
does not inhibit the propagation of flaws or the eventual 
tensile cracking of the concrete. 
Recently several investigations have been made in an 
effort to produce a tensile resistant, two phase, rein-
forced concrete by the use of uniformly dispersed, randomly 
oriented, short length, fine steel wire fibres as the rein-
forcing material. Concrete reinforced in this manner is 
less flaw sensitive because the wire fibres impede the 
extension of flaws due to concentrations of tensile 
3. 
4. 
stresses (1)(3). As a flaw begins to extend under the 
influence of a tensile stress it contacts one or more of 
the steel fibres which assume some of the stress and dis-
sipate it over their lengths in the form of bond stress. In 
this manner the critical tensile stress is reduced allowing 
a higher maximum load. 
B - Findings of Previous Investigations 
Romualdi and Mandel (1) determined that a tensile 
strength increase to as much as 2.5 times that of plain 
concrete could be realized with the use of steel wire fibre 
reinforcing. Use of 0.0104 inch diameter wire in l inch 
sections at 1.9 and 2.7 percent by volume yielded strengths 
2.23 and 2.53 times that of plain concrete respectively 
when tested in indirect tension. Flexural strength was 
increased to 1.3 and 1.5 times that of plain concrete using 
2.1 percent of 0.0625 and 0.0359 inch diameter wire re-
spectively~ in l inch sections. 
The tensile strength of concrete reinforced in this 
manner is inversely proportional to the spacing of the 
reinforcing fibres with the theoretical cracking stress 
increasing rapidly as the wire spacing decreases from 
about 0.5 inch. A relationship for determining the theo-
retical spacing is 
s :=: 13.8 d Jl/p' 
where s is the average spacing~ d is the diameter of the 
wire fibre and p is the percentage by volume of the wire 
fibre. This formula was derived by Romualdi and Mandel (1) 
assuming that a known number of wires are distributed uni-
formly in a given volume. The distance between the ~eomet­
ric centers of the wires can be calculated. A correction 
must be made to take into account the fact that only those 
wires oriented parallel to, or nearly parallel to, tl1e ten-
sile stress are effective in resisting the stress. 
In a United States Corps of Engineers study (2)(4) of 
fibre reinforced concrete it was found that when subjected 
to explosive loading the performance of fibre reinforced 
concrete was considerably superior to unreinforced or con-
ventionally reinforced concrete. Response to explosive 
loading was evaluated by measuring the fragment velocity 
) . 
and the degree of integrity of a slab after loading. Values 
of the properties measured were nearly identical for the 
unreinforced and conventionally reinforced specimens under 
the test loading. Specimens reinforced with random wire 
fibres and wire mesh reduced fragment velocities 23 percent 
and fragmentation by 70 percent or more (2). Energy-
absorption characteristics of the wire fibre reinforced 
concrete were improved. 
Results of a series of beam flexure tests performed by 
the Corps of Engineers (4) using a No. 50 maximum size ag-
gregate and a 28 day curing period are tabulated below. 
Wire Strength 
Diameter (in) Length (in) Percent (vol) Reinforced/Plain 
0.004 0.5 3.0 1.80 
0.004 1.0 1.0 1.30 









In a study using wires of 0.134, 0.060, and 0.035 inc;1 
diameter, Works (5) determined that the two larger diameter 
wires were only slightly effective or ineffective in in-
creasing the compressive strength of concrete but the 0.035 
inch wire in 1.5 and 2.5 inch lengths did produce an in-
creased strength. 
Works 1 load-deflection curves for reinforced beams 
Vo 
show that the catastrophic failure normally associated with 
concrete does not occur when wire fibre reinforcing is used. 
The beams continued to support a decreasing load beyond the 
point of maximum load. Romualdi and Mandel (1) suggest 
that, due to the substantial post-cracking strength, appro-
priate design stresses probably correspond to the cracking 
strengths. The cracking strength is defined as the first 
deviation from a linear load-deflection diagram. 
The Corps of Engineers (2) reports that large scale 
tests of wire fibre reinforced concrete performed by the 
United States Steel Corporation has shown it to be far 
superior to plain concrete when subjected to severe abra-
sion, impact, and thermal shock. Linings for cement kilns 
and fire doors made of wire fibre reinforced concrete using 
aluminous cement and refractory aggregate outperformed fire 
brick. 
The Corps of Engineers (4) suggests the following 
applications where fibre reinforced concrete may be advan-
tageous: 
l. Structures housing explosives where explosion 
induced spalls may cause secondary detonation 
2. Structures subject to shock loading where spalls 
may be hazardous 
3. Linings for chutes carrying bulky materials such 
as coal 
4. Warehouse floors subject to high abrasion or 
impact loads 
7. 
5. Structures which are required to withstand extreme 
heat and surface wetting or abrasion 
6. Precast structures which must withstand consider-
able handling before use. 
C - Problems Associated with Making Wire Fibre Reinforced 
Concrete 
The most commonly encountered problem in working with 
steel wire fibre reinforced concrete is discussed by Agbim 
(6). The wire fibres tend to knit together into balls resu~ 
ting in a nonuniform distribution of the reinforcing mater-
ial in the mix. In describing the effect of this nonuniform 
distribution Agbim states that 
"This gives rise to considerable scatter in the 
strength results~ far and above that inherent in well 
mixed concrete. 11 
Romualdi and Mandel (1) and the U. S. Corps of Engineers (2) 
discuss briefly their encounters with this problem. They 
suggest that as the length-diameter ratio of the fibres 
increases the tendency to knit also increases. homualdi 
b. 
and Mandel (l) also report that the consistency of the mix 
affects the tendency to knit, both too wet and too dry mixes 
increasing the knitting tendency. Thus, satisfactory mixes 
depend upon both the cement-aggregate ratio and the water-
cement ratio. The investigations previously cited were maae 
using different mixing devices and methods which may also 
affect the degree of uniform distribution of the wires. 
In an effort to minimize the knitting tendency, the 
Corps of Engineers built a shaker table which separated the 
wire fibres so as to introduce them individually directly 
into the mixing device. This table gave generally accept-
able results in producing uniform distribution. Other in-
vestigators have introduced the wire into the mix in small 
increments during the wet mixing period or mixed it by hand 
into the plastic concrete. 
Works (5) mentions that, due to the mix stiffness, 
compaction of the wire fibre reinforced concrete was diffi-
cult. Air voids in his specimens were a major problem. 
Nearly all the previous investigations in this field 
have been made using neat cement or mortar as the basic mix. 
These mixes do not simulate normal commercial mixes since 
the large amounts of cement required make them very expen-
sive. consequently, wire fibre reinforced mixes of this 
type would be of limited use due to the increased cost. 
III - EXPERIMENTAL PROCEDURE 
A - Materials and Mix Design 
Air dry crushed limestone with 3/4 inch maximum size 
was used as coarse aggregate. River sand which had been 
brought to a saturated, surface dry state was used as fine 
aggregate. Grain size distributions and other physical 
properties of the aggregates are given in Table I. Type I 
cement and potable tap water were used in all mixes. The 
wire fibres used throughout the study were 60,000 psi ten-
sile strength steel, 0.020 inch diameter, in l inch sections. 
Preliminary mix design was made by the Portland Cement 
Association (7) method and adjusted by trial and error to 
obtain the following properties: 
7 day compressive strength, unreinforced - 4000 psi 
Slump of unreinforced mix 6 plus or minus l/2 inches. 
(Reinforced mixes become quite stiff making the results of 
slump tests on them of questionable significance.) A water-
cement ratio of 0.443 by weight was used to obtain the 
desired strength. The final mix design is given in Table 
II. 
The wire was proportioned according to the method of 
Romualdi and Mandel (l) so as to produce a theoretical 
spacing of 0.3 inch. This spacing was chosen in accordance 
with the statement by Romualdi and Mandel that the critical 
spacing is on the order of 0.3 to 0.5 inch. To obtain the 
theoretical spacing 0.85 percent, by volume, wire was 
1~._·. 
required which is approximately 3 percent uy we i;_)1 t or """.·13. 
pounds per 1.5 cubic foot batch. 'I'his quantity of ·Nire wa:s 
used in 6 series of batches included in this study and 2 
additional batches using 7 percent~ 0.21 inch spacing~ are 
included. 
B - Mixing, Casting, and Curing Procedure 
Mixing, casting, and curing of the specimens were done 
according to ASTM Designation Cl92-65 (8) with the followins 
exception; 6 x 12 inch cylindrical cardboard molds were u:secJ 
in place of the specified heavy gauge metal molds. Mixing 
was done in a 3 cubic foot capacity~ counter current, i:wri-
zontal tub type mixer. The aggregates and cement were mixed 
thoroughly prior to the addition of the mix water. Mixing 
involved a 3 minute initial wet mix period, a 3 •ninute 
interval, and a second mixing period of 2 minutes. Tne rein-
forced batches were visually inspected during mixing and any 
evidence of knitting was noted. Five cylinders were cast 
from each 1.5 cubic foot batch and compacted by exLernal 
vibration using an internal vibrator held against the out-
side of the mold and moved around the circumference. S~eci­
mens were cured for 14 days at 100 percent humidity and 77 
plus or minus 2 degrees farenheit. 
Before the wire was mixed it was inspected closely to 
eliminate all sections greater than 1 inch in length. Con-
sequently, the wire was not as tightly knitted when used as 
when it was received from the supplier. Figure 1 is a pic-
ture of the wire in bulk. Methods of introducing the wire 
1.1 .. 
1 
fibres are describea' as follow"', 'J.•'" · ...., ~ '-- f.·l'•..:cc:u.;.r<~: lc.:.·L, -.. 
signifying the method desit_:;nation: 
DBW - The dry aggregate and cemer; t, 
ly and the dry wire added, in L;ulh, ;._o :.: . ...: ul'~,-
aggregate. Approximately j'.J ::;ccor;cL:; ·.-;;__,;:. :,~], -....t'(.: 
for dispersion of tlle wires Lefort: 'l:.e <•.ix · .. ::,: el' 
was added. 
BW - The wire was placed in the ~nix w;_~L,er ~.r.u :,J 1·,·,...;!.::'--
to soak before being poured into ~JJ8 ::,_i.x. 
wire was, essentially, 
introduction. 
DW - The wire was sprinkled rnanuc.lly lr.lu '--:.c ::j_:..x .. ;~;.:.·-
ing the initial wet mixlnc: pi1C10e. 
WS - A suspended sieve shaker wi~h a l~ icch 
inch sieve was used to "sif'L 11 tne wire~::; ~r.:.,o ; Lt. 
mix. The mix water was poured 'lhrou.)1 ~ne:: s.~•..:\:,~:,:, 
over the wire, prior to tne introcJuc'viun v:· ~J.•.: 
wire. Introduction of the wire wa:::> duriL.: ::.•.: 
initial wet mixing phase. 
WW - The wire was soaked in tne tY.ix -.,;at c r 
being sprinkled manually into t.:.e :r.ix cur.:.L_: t :.e 
initial wet mixing phase. 
DltJW The dry •t~ire was added, ic' cJlk, ...___u t;;,e ·:..x 
during the initial wet mixinc ph~se. 
A series of three batches consist-in[ of :J cylL.G2l'.S 
each was made for each method of introduc inc; the v-.-lre c.; ir~ 
the 3 percent quantity and for a control series of 
13. 
unreinforced concrete. The 2 batches using 7 percent wire 
were made using the DBW and DWW methods of introducing the 
wire and are designated DBW-7 and DWW-7. These methods 
were chosen on the basis of observations of the knitting 
tendency while mixing the 3 percent series. The knitting 
effect was apparently quite low for the DBW series and high 
for the DWW series. 
C - Testing Procedure 
Three of the 5 specimens of each reinforced batch and 
all the unreinforced specimens were tested for maximum ten-
sile strength by the splitting tensile test, ASTM Designa-
tion C496-64T (8). The specimens were diametrally loaded 
in compression over the length of the cylinder and the 
splitting tensile strength calculated as 
T = 2P/~ld 
where P is the maximum load and 1 and d are the dimensions 
length and diameter of the cylinder respectively. The load-
ing mechanism is shown in Figure 2. Results of the split-
ting tensile tests are recorded in Table III. 
In the performance of the tests a supplementary bearing 
bar, see Figures 3 and 4, was used which deviated from the 
ASTM designation. The bar was designed to compensate for 
any non-parallelism of the specimen due to a difference in 
end diameters while preventing the bar from rotating about 
its own major axis. The bar was used in conjunction with 
a solidly mounted upper loading head rather than the desig-
nated spherically seated head. 
2 
3 
Two specimens from each of the reinforced un'lcne:c; w.;;;re 
sawed lengthwise into halves for visual insr.-ection. ': u 
determine the statistical distribution of tne wire3 or.~ 
section was selected and a 1 inch grid system mar~<ed or. L.e 
face of the section. The wires in each square were couGLed 
and the results are recorded in Appendix I. To obtain wire 
count data representative of each series, j one inch square 
areas were selected at random from each section and ti-:e 
wires in each of these squares counted. Figure :J SJ:OWG Ll1e 
randomly se lee ted squares for 2 cylinder sect ions. T: ,c 
results of this wire count procedure are recorded in ~2blc 
VI. 

IV - DATA ANALYSIS AND DISCUSSION 
A - Visual Inspection of Fresh Concrete 
Each batch of fresh concrete was inspected for evi-
dence of wire knitting immediately upon completion of ti.e 
mixing. Balls of knitted wire in a matrix of mortar :1 see 
Jo. 
Figures 6 and 7, were observed in nearly all mixes. 'L .e 
number of balls observed varied considerably between series 
indicating a difference in knitting tendency. No balls 
were observed in the 3 percent reinforced DEW series and 
only one in the DBW-7 batch while several balls were ob-
served in the DWW series and in the DWW-7 batch. 
Inspection of the DW and WW series indicated tnat, tr1e 
knitting tendency was reduced by soaking the wire fibres 
in water before mixing. Inspection of the fresh mixes of 
the DWW and BW series substantiated this. 
The DBW series exhibited no apparent knitting with .5 
percent wire and very little with 7 percent wire. Based 
upon the inspection of the fresh mixes this method was 
clearly the best in eliminating knitting. This result is 
contrary to the findings of the Corps of Engineers (4) who 
found the method yielded unacceptable results. Tnis dis-
crepancy may be due to the different size wire used or tne 
difference in mixing devices. The Corps of Engineers usea 
a rotating drum type mixer. 
The ws method was used to introduce the wire fibres 




'' L.._ ',_ • 
of this series revealed no balls l'n two of tlle Llli'L'~ 8a~c;,L':J 
and few balls in the third. 
The tendency of the wire to knit appeared to ueJ:_eno 
partially upon the degree of dispersion of the wire 
time of introduction into the plastic mix. Wire in ~:.e 
DBW series was well distributed in the mix at t:1e c,irlic c,nL' 
water was added. The VJS method distributed the wire uni-
formly during the process of introduction. Generally, 
wires that were knitted into tight clumps when lntroduceu 
into the plastic mix were not dispersed by the mixlne:: .~:--re­
cess but were rather formed into balls with a matrix of 
mortar. 
B - Tensile Strength Data 
Splitting tensile tests were performed on the sreclmen3 
to determine the uniformity of the strengtr1s. Accordint: to 
Agbim (6) nonuniform distribution of the wire fibres woulu 
produce a considerable scatter in strength results tr,erL't-y 
allowing a qualitative comparison of tLe wire dist,rit;uL.lur, 
between the series on the basis of strength results. 
Mean strength, standard deviation, and coefficient of 
variation were calculated for each batch ar.d eacL 
. -ser le s c::.r.a 
the results tabulated in Table IV. In some cases ti,e coL:f-
ficient of variation of a batch is considerably ciiff-2reLt 
from that of the series. These differences are probably 
due to the random variables in the experimental procedure 
such as uncontrolled variations in the materials, mixing, 
or casting. 
To determine the uniformity uf t, .e :,'-' r .:311·: ,j ~ ! . t • : • 
of the reinforced specimens t~w resull...> 'vJ ~ l' t_: J u L : I ; ._: : ' • I : : ' 
Bartlett's Test for the ho:nogeneity uf va.r~: 11 .:;,,..> 
results of this test, shown in To.Gle \"ill, ~J.,;~c_::,~·-= 
there is no significant difference in t11e vz..rL.:.r.c.:v:j ,_ :· 
series at the 0.05 significance level. lf A;_:-tL 1 :..; ..:;~.:,:.'""' ··:.: 
( 6) is accepted, that nonuniform dis tri but ior, ,~ :· :. : ·'-· ,., : ,.,'""' 
produces nonuniform strengths, then tnis rc:sul~ :!.~.":.~:-':·-..:.> 
there is no difference in the distributiorj o;.· t.,:,<.: v •. :1'-'~ :L 
the series. 'This, in turn, indicates tJIC~t tr.c: :-:.::u;·; 
introducing the wire did not affect tu:: cie.:,r·cc 01' L;: ; : 
distribution of the wire fibres. 
To determine whether the addition uf t.Le v;ln: .:·~: ~·-.: 
was effective in increasing the tenslle s"vr(.;r:;·c.:. ·- :· ::. __ 
concrete, the strength data was subjected to ;.::n ~.:.:.:,~;;~~-·~ 
of variance (9). Results of this analysis, :..;ce ·:~Llc 
indicate that there was a significant ir:crcasc .:_~; :.;.c: :·.~r.-
sile strength, at the 0.05 significance level, c<1J : ... ·.:' 
addition of the wire fibre. The analysis &L::;c. iL.J~>~l-::.~ 
that there were no significant differer:ces a·:;c.xjj:.:: :.:.e 
strengths of the six 3 percent reinforced series. . :.c v•-.::.-
sile strength of the concrete reinforced witn ~ 
fibre was approximately 1.25 times t;he strer:c.t:l ~.r ·V··-
unreinforced series and the 7 percent reinforcec L '" -:..~: .• _.; 
were approximately 1.57 times as strong as t:.e ur.re.:..r.:'cr:::•_oc 
series. An apparent direct relntionship exists cet.v;ei.:;L 
t;.C 
amount of reinforcing used and the resulting strengtG 
increase. 
The results of the tensile strength tests did noL 
substantiate Agbim's statement (6) that the strength of 
fibre reinforced concrete would vary more than the strengtL 
of plain concrete. In all the reinforced series tl'e coef-
ficients of variation of the strengths were smaller than 
the coefficient of variation of the unreinforced series. 
C - Wire Count Data 
The wire counting procedure was performed to furt11er 
investigate, in a more quantitative manner, the distribution 
of the wire fibres. 
It was necessary to determine whether the wire fibres 
were distributed normally since the available statistical 
methods assume normality. To investigate this, one cylinder 
section, chosen at random, was marked with a one inch grid 
system and the number of wires in each square was counted. 
The data from this count was then plotted on normal proba-
bility paper, see Appendix I, and the resulting straight 
line plot indicated a normal distribution (10). 
The counting procedure, as described previously, was 
followed so as to obtain data representative of each batcn 
and series. The results of this procedure are tabulated 
in Table VI and summarized in Table V. 
The coefficients of variation of the wire count data 
serve as a convenient measure of the degree of uniform 
distribution of the wire fibres in the mix. A relatively 
high coefficient of variation indicates a nonuniform 
distribution of the fibres while a relatively luw c 0 ...:l·-
ficient of variation indicates a more uniforrr1 uisl-r2.Lu'vlur. 
of the fibres. A perfectly uniform distributiutJ Li' t.:,c 
fibres is impossible to obtain due to tr1e presence ol' t;.e 
large aggregate in the mix. The fibres are limitea to 'unc 
volume not occupied by the coarse aggregate and conseque~tly 
are somewhat nonuniformly distributed. 'I1ne conc:iltlur. c;l' L.;;e 
wire fibres, clumped or dispersed, at tr1e time of lr.trocuc-
tion into the mix will also have an effect on the cuef'-
ficient of variation of the final distribution, as will L.:n.: 
ability of the mixing process to disperse tr1e filJres i1LO 
the length-diameter ratio of the fibres. 
The coefficient of variation of the distrii;utioL is 
dependent upon the standard deviation and the mean of tne 
distribution, and if the means of several samples are ap-
proximately equal then the standard deviations, or vo.riar.ces, 
of the samples are measures of their relative uniformity. 
Therefore, to determine whether or not there was a dif-
ference in the degree of uniformity of the fibre distrllJu-
tion caused by the method of introducing the fibres ir:tc tne 
mix, Bartlett's Test for the homogeneity of variances v-·as 
used (9). The results of this test, see Table Vlii, l~di­
cate that there is no significant difference in the serles 
variances at the 0.05 significance level. 
Evidence from the strength and wire count data bot~ 
indicate that the degree of uniformity of distribution is 
equivalent in all series. This evidence does not 
2LJ. 
substantiate t11e differences J... ndJ... cated by the · lnspection of 
the fresh mixes. In inspecting the 3 percent reinforced 
batches there were never more than 5 balls observed in a 
single mix and all were less than 2 inches in diameter. 
Ten such balls would be less than 2 percent of the volume 
of a batch. The number of wires in several of these balls 
was counted and it was determined that 10 such balls would 
affect the mean number of wires per square inch in the dis-
persed portion of the batch by less than ~ wire per square 
inch. Since 10 balls per batch is a generous estimate~ tne 
chance of these balls affecting the results of the wire 
counting procedure is quite small. 
D - Data from 7 Percent Batches 
The 7 percent wire fibre reinforced batches were made 
to determine whether the higher concentration of wire would 
yield strength and fibre distribution properties consistent 
with the 3 percent series results. 
The results of the tensile strength tests indicated 
a direct relationship between the amount of reinforcing 
and the strength increase. 
The coefficients of variation of the wire counting 
data were both lower than those of the 3 percent reinforced 
series. Bartlett's Test (9) was performed on the variances 
of the data and indicated no significant difference at tl1e 
0.05 significance level. The test results are shown in 
Table VIII. Although the coefficients of variation were 
lower, their relationship with respect to the effects of 
the methods of introduction of the wire fibre was consi~tent 
with the results of the 3 percent reinforced series. 
Conclusive comparisons of the results of the j and ·r 
percent reinforced data cannot be made because of tr'e lirn-
ited number of 7 percent specimens. 
E - Applications of Findings 
The results of this study indicate that there is no 
particular advantage to thoroughly dispersing the wire 
fibres before introducing them into the concrete mix. 
Sufficient dispersion can be obtained by introducing t1,e 
wire, in bulk, to the dry aggregate and mixing prior to tr:e 
addition of the water. This means that a minimal amouLt 
of special handling equipment would be necessary to ~reduce 
wire fibre reinforced concrete under construction condi-
tions. It should be noted again that the bulk wire as 
introduced into the mixes of this study was less densely 
packed than when received from the supplier due to the 
necessary inspection of the wire. In the event that the 
wire, as received from the supplier, would be packed so 
densely as to cause difficulty in dispersing tr1e fibres 
during mixing, some preliminary vibration or screening 
treatment of the wire may be necessary. 
Manual introduction of the fibres in small increments 
insures dispersion of the fibres at tr1e time of introduc0ion 
into the mix. This method is, however, not feasible for 
use on a commercial scale and is thereby of value only in 
laboratory work. 
2b. 
It should be noted that the basic mix for this study 
was a concrete rather than a cement paste or mortar as used 
by many of the previous investigators. The resulting 
economy in cement would make this mix more feasible for 
commercial scale work. 
V - CONCLUSION AND RECO!'v1MENDED FURTHEh hE3EAi·.C: 
Within the limitations of the conditions, wire flLre 
size and concentrations, under which this study was per-
formed, it can be concluded that: 
I • 
A. Splitting tensile strength of concrete is lncreasea 
to approxl·mately 1.25- t· th t lmes a· of plain concrete 
by the inclusion of 3 percent, by weight, of O.L2U 
inch diameter wires in 1 inch sections. Use or -( 
percent wire tends to increase the tensile s treL 1 ~1.J. 
to approximately 1.57 times that of plain co:.crc:Le. 
B. The method of introducing the wire fibres into 
the mix does not affect the degree of unii'Grm 
distribution of the fibres. 
C. There is no indication that the strengths of wire 
reinforced concrete vary more than those of unreln-
forced concrete. 
D. A limited amount of knitting of the wire ficres 
in the mix can be tolerated without adversely 
affecting the uniformity of the strength of ficre 
reinforced concrete. 
Romualdi and Mandel (1) and the Corps of Engineers (4) 
state that the tendency for the wires to knit in the mix 
increases as the length-diameter ratio of the wire fibre 
increases. Neither, however, indicate why or to what extent 
this factor influences the knitting tendency. An anal~tical 
1 ' l 
study of this factor and its effect seems to be neeaeo co 
28. 
clarLCy its L.r-;ort,ance in affecting the uniformity of fibre 
reinforceu concreGe. 

















Coarse Aggregate Fine Aggregate 
(Total percent retained) 
0 0 
l. '( 0 
2Lt. 4 0 
Lj0.4 0 









Table II - Final Mix Design 
Material Weight (lbs) 
Cement 38.0 
Water 16.8 
Coarse Agg. 91.7 
Fine Agg. 68.0 
31. 
Table III - Tensile Strength Data 
Method of Introducing Wires* 
Sample ws WVJ u DW BW DBW DWW DBW-7 DWW-7 
1 o72 617 4';;18 623 642 697 630 775 786 
2 742 687 686 636 640 601 698 852 817 
3 645 649 604 664 687 726 641 857 801 
4 680 oo::J 430 639 646 657 652 
5 6G4 738 541 586 613 601 626 
6 610 654 452 651 667 740 700 
7 631 650 533 673 612 635 661 
8 580 635 483 655 708 645 681 

















































































12 u designates 
*Mett1od designations explained on page ' 
unreinforced series 
33. 
Table IV Continued - Summary of Strength Data 
Batch Mean Standard Coefficient of 
Deviation Variation 
DW-l 625 36.0 5.8 
DW-2 641 20.9 3.3 
DW-3 652 22.1 3.4 
Total 640 25.9 4.0 
BW-l 656 26.6 4.0 
BW-2 642 27.2 4.2 
BW-3 662 48.1 7.3 
Total 653 31.9 4.9 
DBW-7 82U 46.4 5.6 
DWW-7 dOl 15.5 1.9 
34. 
'I'3 \:J lc: v 
-
1:J ire Count Data Summary 
Bate:, ;,\,c.; Clll Standard Coefficient of 
Deviation Variation 
WW-1 14.GO 8.10 55.5 
WW-2 11.0) 4.97 45.0 
WW-3 13.73 ').10 66.2 
Total 13.07 7.47 57.2 
DBW-1 1Lt. 2') 7.04 49.4 
DBW-2 12.80 5.57 43.5 
DBW-3 1').45 5.82 37.7 
Total 14.17 6.08 42.9 
DWW-1 14.8') 7.83 52.7 
DWW-2 17.00 9.02 53.1 
DWW-3 1).~) 8.16 52.5 
Total 1'_). 80 8.24 52.1 
BW-1 1').')') 6.87 44.1 
BW-2 11~ • 0') 7.06 48.2 
BW-3 13.'(0 7-':J7 55.2 
Total 14.63 '(.13 48.7 
WS-1 1}~ .0') 4.0':) 28.8 
WS-2 12.oO 6.33 50.2 
WS-3 12.80 5.20 40.6 
Total 13.1~ 6.24 
47.8 
35. 
Table v Continued - Wire Count Data Summary 
Batch i'llean Standard Coefficient of 
Deviation Variation 
DW-1 lo.60 8.96 54.0 
DW-2 13 • 1 ~ s 7.89 58.6 
DW-3 lL+ • 0') 5.14 36.6 
Total 11+. 70 7.50 51.0 
DBW-7 36.70 8.75 23.8 
DWW-7 2·_).4~ 10.79 33.0 
























































































































* divisions by A through J Grid sy8 tem der1oted transverse 
and 1orJgitudirlal divisions by 1 through 6. 
36. 
37. 
Table VI Continued 




Square Wires Square Wires Square Wires 
A-3 22 F-4 2 J-4 12 
C-2 11 D-6 10 I-6 14 
G-3 'j D-j 8 G-4 14 
A-G 1u G-2 6 I-5 21 
C-S 14 l\-4 7 G-1 25 
K-6 12 F-6 19 D-6 6 
C-2 12 F-5 15 J-5 18 
L-2 7 L-2 14 I-6 5 
E-2 26 D-4 13 G-6 7 
B-S 12 I-2 11 G-5 10 
C-4 l'< C-1 18 A-4 10 
E-2 1:_; J-4 18 H-4 7 
L-1 '' il-3 _/ 21 I-3 13 
K-4 10 li-1 11 G-1 6 
E-2 1-, 
_) H _L~ 20 J-6 4 
ll-3 lU L-h 8 K-5 6 
A-1 1-2 14 I-5 9 ')') LL 
D-2 13 H-6 10 1'( C-3 
15 C-2 14 D-1 jb D-~ 
F-6 3 c-6 19 1' l>b 
.) 
30. 
r; 1;J.Ule -r\TI Continued 
- Wire Count Data 
Series - ~ ~ '.·J 
Square ':~ire:3 .3quare Hires Square Wires 
I-6 l~ I-Ll. 32 E-3 26 
B-2 l·_; J• -1 6 A-3 17 
E-4 () ~; -2 13 L-3 10 
I-S ll 1-.:J 10 I-1 19 
D-1 2U [: _L+ 3 E-4 ltl 
D-3 ~)h F -1+ 16 L-3 9 
I-3 h> 1..:-::_) 22 A-1 13 
F-3 l_l CT -2 14 J-3 I() 
J-2 lj L-5 17 1\-l 16 
K-5 _~, ~.) :.-4 20 L-4 14 
G-2 l'' .• ·'1 .J -..::. 7 L-3 11 
G-1 ] . /1.-:J 20 F 6 i\- 9 
D-3 11 C-1 0 B-5 3 
B-1 12 :-:. _;; 1o C-5 11 
J -t) 10 L-6 4 
·1 (;- -~ 
B-1~ .,_., F-? 14 r' ::.-1 _)'--
,..-
G-3 1 ,-!! 9 C-2 0 1'. 
- { 
:-!-3 1b D-1 23 ,..- ~ ~· --} (_ 
G-s C) H-5 12 1 ; }~-_) ~ 
L-s 11 D-1 
14 
'-f ; '_!+ 
39. 
Table VI Continued 
- Wire Count Data 
Series - DWW 
Square Wires Square Wires Square Wires 
A-5 9 B-2 29 G-3 22 
I-4 21 D-5 8 C-6 6 
J-2 11 A-5 10 J-5 25 
B-3 1S I-4 22 K-3 18 
F-2 22 H-1 13 F-5 15 
B-4 /'" F-5 10 D-6 12 0 
E-3 9 G-1 21 K-5 16 
D-2 14 F-6 14 J-3 6 
A-4 22 C-3 28 J-5 27 
E-4 31 A-1 11 A-6 13 
J-1 8 K-4 33 F-3 22 
H-6 2 L-2 16 J-2 17 
I-3 10 G-5 19 F-3 17 
B-1 43 B-1 32 L-4 12 
G-6 8 F-1 17 F-2 3 
J-4 2G L-o 7 D-6 16 
K-1 1~ G-1 9 C-1 5 
H-3 D-4 8 1-3 
8 
10 
H-5 18 D-5 18 C-5 
12 




'i.'ab1e VI Continued 




Square ~'<' lre 0 :::Jquare Wires Square Wires 
A-3 2Li J -1 9 J-2 19 
B-1 1 ~) 1\ -'j 16 B-4 10 
A-6 \; L-~ 5 K-4 23 ./ J 
H-1 11 E-1~ 23 F-3 5 
H-2 1'7 A-5 23 G-5 18 
D-2 2!+ 1·~- :J 11 D-2 13 
L-3 13 D-:) 6 H-6 8 
F-1 
,., L-4 18 F-1 14 0 
A-5 13 D-2 9 B-1 10 
J-~ 11 ., 10 G-6 8 l' - :J 
A-2 11 c -'~) 15 F-4 23 
F-5 ll. l-8 18 A-6 7 
A-4 'I D-) 14 E-5 13 
K-2 2u tl-6 13 G-5 16 
C-1 1~) L-3 12 J-1 25 
G-4 J 1+ l -3 22 H-4 17 
I-3 30 r-4 4 ~) l T\- J 




B-G 10 I-1 23 1•,.1 (' ) .1-C-
' L-5 19 L-2 \) c; -~ b 
41. 
'1L1U1C' \'I Continued 
-
Wire Count Data 
Series - t , r ~ , • 'rli '' 
Square ·,.: lrc 3 .:.Jquare VJires Square Wires 
F-2 l~:- :J 5 E-3 16 
B-6 1 ~· c-6 9 K-6 15 
G-4 ~· r·,_ ~ ~ ~ 9 L-4 4 
I-3 I :. -.) 16 K-2 17 
J-5 l-J 1-:J 23 L-6 1 
I-6 " J -3 34 E-3 16 C.'./ 
c-4 1 ~~ . ~ -1 11 F-3 8 
L-2 7 i\-5 24 A-6 12 
H-3 1u A-3 18 G-5 12 ,/ 
F-3 '( E-2 17 E-3 8 
A-5 _:-:1 i·:-1 2 B-1 7 
C-3 ') ) I-'_) 18 G-5 19 L_> 
G-4 10 C-1 6 A-2 11 
H-1 13 :J-2 7 F-2 5 
F-l~ l: t• ,-.., l\- _) 18 A-6 3 
D-2 1~, J-1 2~ 
C-3 ll l~ -L) 1 
K-) 1_:-: d-0 7 
E-4 l c -_) 12 
J-6 7 C-1 24 
42. 
'larJlc ·.·rr - Analysis of Variance Results 
Test //1 
Data: :._;treL:~t:. data of all 3 percent reinforced series 
u.nc t,; • ..; urn·t.: inforced series 
Hypo the s i ~ : ;.·.eu.n strengths of each series are equivalent 
Significance lt..:vel: O.OJ 
Degrees of freedc~: ~, ~y 
Calculated l·: 0.36, 
Tabula ted :, : 0. ~~G7 
Conclusion: r:.o not accept tl1e hypothesis that the means 
LJ.re equivalent 
Test /; 2 
Data: ;.)tren~_::;t:, du.ta of all 3 percent reinforced series 
Hypo the s 1 :..3 : l·;ean strene;tl1s of each series are equivalent 
Significance level: O.Oj 
Degrees of freedom: ~, 48 
Calculated :;: 
Tabula ted f· : 
Conclusion: Accept t1:e l1ypothesis that the means are 
equivalent 
43. 
';Ji)le 'illi- Lartlett 1 s Test Results 
Test ;;l 
Data: 0trc:1gt·. u3 tu of j percent reinforced series 
\.',::u·.L;::n,ces of t-i~1e strengths of each series are 
cqu.LvCJ.lent 
Significi.lncc level: 
Degrees uf frccUuni: .__, 
Calculated c:.l-squarcd: 6. L+o 
Tabula tea c.-1-squd.red: ll.l 
Conclusior1: Accq, t t:ie nypothesis that the variances are 
cqulva.lent 
Test /f2 
Data: Wlre cuunt dat3 of 3 percent reinforced series 
HypotLe:Jls: Variance:..> of the number of wires per square 
lnc .. nre equivalent 
Significance level: 
Degrees of fr•]Cdutt•: ) 
Calculatco cr:l-.Jqu.:Jrcd: ·r .')2 
'I'abulated c::i-;..;qu;u'L~d: ll.l 
Cone lus i u11 : 
. tl·1at the variances of i1ypoU1eSlS 
c::tcl. :.>cries are equivalent 
Table VIII Continued - Bartlett's Test Results 
Test /; 3 
Data: 'v-:lrl:; cuunt, dCJ.ta of 7 percent reinforced batches 
Hypothcsl:J: Varli..inces of the number of wires per square 
incn are equivalent 
Signiflcunc~ level: o.os 




Tabula teu ci.l-:squared: 
0.85 
3.84 
Conclusion: Accept, t;,e nypothesis that the variances of 




NJhl\iAL DISTRIBUTION TEST 
46. 
Comp1c0e Sect lor; Wire Count Data 
Square 1 2 3 4 5 6 
-
A 12 12 21 14 17 17 
B 1 -' 14 9 10 16 16 
c 1o 11 19 23 16 15 
D 17 7 11 10 2 11 
E 11 j 16 8 19 16 
F ':) 10 13 17 19 18 
G 1-' ) 1) 18 8 19 16 
H 17 20 9 14 18 17 
I 20 8 4 20 19 15 
J 20 10 12 17 9 18 
K 11~ 20 19 25 53 17 
L :)0 1U 12 18 11 35 
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